mainly formed in the process of diffusion limited cluster-cluster aggregation DLCA, even the particle-cluster type aggregation with pre-polymerized coagulants (PAC) could be involved.
Introduction
Irreversible aggregation [1] produces larger assemblages which are referred to as sludge agglomerates, aggregates, clusters or flocs. Aggregation has important physiological and immunological implications [2] . The process is observed in nature, it is used in food technology and in the production of polymers. The main stages of aggregation, such as those observed during the destabilization of colloidal particles in wastewater, are processes of latent coagulation and active heterocoagulation [3] that lead to flocculation [4, 5] , i.e. the formation of aggregates-flocs [6] . Clusters formed during wastewater flocculation are referred to as sludge flocs. The separation of sludge flocs by sedimentation or floating [7] removes various pollutants from the liquid phase of treated effluents. Sludge separation is a fundamental process in the recovery and recirculation of wastewater nutrients, including phosphorus, and it can effectively counteract the growing deficit in this fertilizer component [8] .
Image analysis becomes a common methodology in many research areas [9] . Chemical coagulation-flocculation [4, [10] [11] and electrocoagulation [12] [13] [14] leave imprints in nature and the structure of sludge aggregates-flocs. Those imprints can be visible also in their images. "Self-similarity" [15] , i.e. the similarity of observed structures regardless of the applied scale of magnification (or reduction), is generally indicative of their fractal character [16] . Statistically documented self-similarity of a given group of sludge flocs usually supports determinations of their fractal dimension D [17] [18] [19] . The value of D can define the degree to which space is filled with matter and, consequently, the spatial structure of a sludge aggregate-floc. Jagged shape and large surface area should contribute to aggregates-flocs' sorption capacity during sweep flocculation [4] . Dense aggregates-flocs should generate sludge which is easily separated from the treated effluent phase. Dense sludge should be susceptible to dehydration in an ultracentrifuge or a filter press.
Variations in D values of the investigated structures could also be indicative of similarities and differences in coagulation-aggregation-flocculation mechanisms responsible for the formation of manageable sludge [18] [19] [20] [21] [22] . Two main models of the aggregation process have been proposed: a) particle-cluster aggregation (PA) and b) cluster-cluster aggregation (CA). Indirect mechanisms can also be involved, such as PA in initial stages of aggregation which is transformed to CA in final stages of the process. Computer models of cluster formation [3, 21] suggest that aggregates formed during PA are larger than those created during CA. The results of laboratory research investigating natural systems [23] , such as municipal sewage, indicate that fractal dimensions of aggregates are determined by coagulant concentrations [24] . Computer simulations have demonstrated that the fractal dimension of aggregates produced/simulated by CA can vary significantly with regard to aggregation speed. Asnaghi [25] identified two types of aggregation processes: a) diffusion-limited cluster aggregation (DLCA), b) reaction-limited cluster aggregation (RLCA), whereas c) ballistic cluster aggregation (BCA) is also taken into account in theoretical calculations [26] . In most cases, aggregates formed by RLCA have higher fractal dimension D than flocs produced by DLCA.
In this study, we have compared and interpreted the values of fractal dimension D determined from SEM images of sludges produced through chemical coagulation and electrocoagulation of synthetic wastewater. Though the proposed method for analyzing wastewater sludge is probably not a comprehensive method, it supplements the existing methods contibuting new and valuable information. It illustrates certain trends which require further investigation, development and improvement.
Materials and methods
The presence of red dyes in treated wastewater is highly undesirable. Figure 1 . The above procedure was repeated three times to produce 15 images of every sludge sample, of which eight images with a similar structural pattern were selected. The procedure is described in detail in the Results and Discussion section. 
Results and discussion
Static electrocoagulation was performed chronopotentiometrically at I const = 0.3A for 256 to 1024 s with the use of a simple device presented in Figure 2 . To determine the actual doses of Al and Fe, 100x10x1 mm electrodes were weighed before and after use in accordance with the rinsing and drying procedure described in a previous study [28] .
Electrocoagulation in a recirculation system was also performed chronopotentiometrically at I const = 0.3A for 3840 s with the use of a device presented in 1 dm 3 of DSre wastewater with composition identical to DSes was recirculated between reservoir C and electrolyzer E for 3840 s. ( Table 2) . The above procedure produced eight types of sludge: four sludges for four dyes with PAC and four sludges for four dyes with PIX.
DSch and DSes effluents were coagulated at optimal pH of 3.5 to 4.5. Owing to the simplicity of the laboratory device and the applied electrocoagulant doses, DSes wastewater could be estimated gravimetrically during static electrocoagulation. Electrodes were weighed before and after electrocoagulation in accordance with the rinsing and drying procedure described in [28] . Sludges produced by high doses of the Al electrocoagulant should be rich in on the assumption that anodic dissolution of aluminum and iron is characterized by 100%
efficiency. The Fe ion dose was determined at 333 mg/dm 3 wastewater, and the Al ion dose at 107 mg/dm 3 wastewater. In view of previous research results [28] , the actual Al ion dose was probably higher. The optimal pH of DSre effluents treated with Al electrodes was 6.0 and with Fe electrodes -4.0. Table 2 .
The percentage of P-PO 4 and dye removed and separated from treated wastewater during sedimentation is presented in Table 2 . The addition of silicon dioxide supported >90%
removal of P-PO 4 and dye from treated DDS effluent, including gryfalan dyes which are weakly susceptible to the coagulation of DSch, DSes and DSre effluents. PAC was less effective than PIX in removing P-PO 4 from DSch wastewater. Electrocoagulation in a recirculation system (DSre) was more effective when Al rather than Fe electrodes were applied. In general, similar quantities of P-PO 4 and dye were removed from treated effluents.
The SEM analysis produced 480 sludge images, including 240 with the use of an aluminum coagulant or electrocoagulant in Al sludges and 240 with the use of an iron coagulant or electrocoagulant in Fe sludges. produced with PIX (a -bottom) were small, needle-shaped and jagged, whereas the objects forming the structure of sludges produced with PAC (a -top) were round and compact. The noted differences can be attributed to the spherical shape of {Al(OH) 3 } colloidal particles and the rod-like and cylindrical shape of {Fe(OH) 3 } particles [30] [31] . Those particles are the building blocks of clusters which aggregate and flocculate to produce sludge flocs. The remaining four electrocoagulated sludges were characterized by minor structural differences.
The observed variations were quantitatively confirmed in successive parts of this study.
A visual inspection of 480 images revealed that the applied dye did not exert a clear and unambiguous effect on sludge structure. The only exception was the group of sludges formed by static electrocoagulation of DSes effluents containing Synten Orange P-4RL with Fe electrodes. For this reason, an additional, ninth image of the above sludge was presented in Figure 4 in group c. In the analyzed group of dyes, Synten Orange P-4RL was characterized by the smallest particles with relatively linear structure, which could have contributed to the formation of cylinder/rod/wire-shaped aggregates-flocs whose structure was characteristic of {Fe(OH) 3 } colloidal particles described by Haas [30] and Rohrserzer [31] . Distinctive {Fe(OH) 3 } structures were not observed in DSes-Fe effluents containing other dyes or DSreFe effluents containing Synten Orange P-4RL.
Descriptions of SEM images can be further elaborated, but this approach does not produce constructive or fundamental conclusions. The number of sludges was initially reduced to 256 (eight images were selected from a group of 15 -refer to the previous section)
for a quantitative description of structural objects in the analyzed sludges. The images of 256 sludges were displayed in maximum black and white contrast in the Image Analysis application with the following contrast settings: high -106, low -105. The above procedure emphasized certain characteristic shapes, traits and differences. 
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The images shown in Figure 4 were enhanced with maximum contrast and presented in Figure   5 . Figure 4 did not affect self-similarity. The Image Analysis application measured area A and perimeter P of all objects, including manually and automatically (majority) selected objects. The resulting data were used to develop lg A ~ lg P plots and charts illustrating the distribution of object dimensions. Table 3 . Even a cursory evaluation of data shown in Table 3 Two extreme structures of a model wastewater floc, described by fractal dimensions 1.4727
for DSre-Al and 1.2655 for DSre-Fe, are presented schematically in Figure 8 . DSre effluents were selected because electrocoagulation in a recirculation system has a variety of practical applications, and the quality and structure of sludge is an important technological parameter.
Distribution charts in Figure 6 indicate that aggregates with diameter of up to 150 μm were the predominant "fraction" in >80% of the studied objects. Within the above range, the average size of a DSre-Al aggregate-floc was determined at 58.5 μm (18-150 μm), which was equal to its diameter, and the average size of a DSre-Fe aggregate-floc -at 69.5 μm (30-150 μm). The structure of DSre-Al and DSre-Fe sludge objects was simulated with model {Al(OH) 3 } colloidal particles with average diameter of R = 165 nm proposed by Macedo [33] and cylindrical {Fe(OH) 3 } particles. Due to an absence of uniform data regarding the size of {Fe(OH) 3 } cylinders [30] [31] , the length of a colloidal {Fe(OH) 3 } particle equal to the diameter of a spherical {Al(OH) 3 A total of 318 spherical {Al(OH) 3 } units and 163 cylindrical {Fe(OH) 3 } units obtained by cluster-cluster aggregation were arranged in a circle with the same diameter (simulated volumetric unit). The diagrams of CA-formed flocs are similar to the models obtained by DLCA [25] .{Al(OH) 3 } flocs have a more compact structure (Fig. 8a) , whereas {Fe(OH) 3 } flocs are characterized by jagged edges (Fig. 8b ).
The quality and structure of various sludges can be compared quantitatively based on In the introduction, two principal types of aggregation were identified: particle-cluster aggregation (PA) and cluster-cluster aggregation (CA). The principles of coagulation, aggregation and flocculation and fractal dimensions of sludge aggregates formed by coagulation-flocculation [24] point to diffusion-limited clustercluster aggregation (DCLA) whose rate is determined by cluster diffusion. Reaction-limited cluster-cluster aggregation (RLCA) can be ruled out due to low values of D and low concentrations of potential reagents.
Conclusions
The applied image analysis method revealed that the examined wastewater sludges were composed of self-similar aggregates-flocs with fractal properties. lgA ~ lgP plots (A - Flocculation of the sol-dye system was not observed, and it constitutes the basis for modeling the removal of P-PO 4 and dyes from treated wastewater. 
